Cellular imaging techniques based on vibrational spectroscopy have become powerful tools in cell biology because the molecular composition of subcellular compartments can be visualized without the need for labeling. Using high-resolution, nonresonant confocal Raman microscopy on individual cells, we demonstrate here that lipid bodies (LBs) rich in arachidonate as revealed by their Raman spectra associate with latex bead-containing phagosomes in neutrophilic granulocytes. This finding was corroborated in macrophages and in PLB-985 cells, which can be induced to differentiate into neutrophil-like cells, by selective staining of LBs and visualization by confocal fluorescence microscopy. We further show that the accumulation of LBs near phagosomes is mediated at least in part by the flavohemoprotein gp91 phox (in which ''phox'' is phagocyte oxidase), because different LB distributions around phagocytosed latex beads were observed in WT and gp91 phoxdeficient PLB-985 cells. gp91 phox , which accumulates in the phagosomal membrane, is the catalytic subunit of the leukocyte NADPH oxidase, a critical enzyme in the innate immune response. Finally, time-lapse fluorescence microscopy experiments on neutrophils revealed that the LB-phagosome association is transient, similar to the ''kiss-and-run'' behavior displayed by endosomes involved in phagosome maturation. Because arachidonic acid (AA) has been shown to be involved in NADPH oxidase activation and phagosome maturation in neutrophils and macrophages, respectively, the findings reported here suggest that LBs may provide a reservoir of AA for local activation of these essential leukocyte functions.
L
ipid bodies (LBs), cytoplasmic inclusions composed mainly of triglycerides, sterol esters, and phospholipids, are widespread in prokaryotic and eukaryotic cells (1, 2) . They are prominent in adipocytes and certain plant seeds where they serve as lipid storage depots. In recent years, it has become clear that LBs found in a range of other cell types might have very different functions (2) . For example, a recent proteomic study by Liu et al. (3) showed that besides structural proteins commonly associated with LBs, other proteins involved in lipid metabolism, signaling, membrane traffic, and caveolae and lipid raft formation were also found on LBs isolated from CHO K2 cells. The surprising presence of different Rab GTPases suggested that LBs may have a role in regulating membrane lipids in various trafficking pathways.
In leukocytes engaged in inflammation, an increased number of LBs is usually found (4, 5) . Rapid LB induction by priming agents such as cis-unsaturated fatty acids, protein kinase C activators, or platelet-activating factor has been correlated with an enhanced capacity to generate eicosanoids (6, 7) , which are powerful mediators of inflammation (8) . Arachidonic acid (AA) is the precursor for the synthesis of eicosanoids, and the enzyme that liberates AA from phospholipids upon stimulation of neutrophils and macrophages, cytosolic phospholipase A 2 (cPLA 2 ), has been colocalized with LBs (9) . Interestingly, cPLA 2 recently was shown also to translocate to phagosomes in phagocytes that had ingested zymosan particles (10, 11) . It was found that gp91 phox (in which ''phox'' is phagocyte oxidase) is responsible for binding cPLA 2 to the phagosomal membrane (10) . This flavohemoprotein is the catalytic subunit of the leukocyte NADPH oxidase enzyme that is critical in innate immunity (12) (13) (14) . Upon phagocytosis of microorganisms, gp91 phox , which is complexed with p22 phox into a membrane-bound heterodimer called cytochrome b 558 , generates large amounts of superoxide (O 2 Ϫ ) from oxygen in a process termed the respiratory burst. Superoxide is converted into other reactive oxygen species (ROS) that directly and indirectly contribute to the killing of ingested microbes (15) (16) (17) . Spatiotemporal regulation of NADPH oxidase activity is very important, because accidental or excessive production of ROS may lead to inflammatory tissue injury, carcinogenesis, atherosclerosis, and rheumatoid arthritis (18) . The cytosolic subunits p47 phox , p67 phox , and p40 phox (present as a trimeric complex), and the small GTPase Rac provide intrinsic regulation of NADPH oxidase activity because they interact only with phagosomal or plasma membrane-bound gp91 phox and p22 phox upon activation of leukocytes (12) . These interactions, many of which have been characterized structurally (19) , lead to an active assembly that is required for producing superoxide. The importance of NADPH oxidase in the innate immune response is illustrated by patients with chronic granulomatous disorder, where a genetic defect in membrane or cytosolic subunits of NADPH oxidase leads to an enhanced susceptibility to bacterial and fungal infections (20) .
It is well known that AA stimulates superoxide production in neutrophils (21, 22) , and the fact that cPLA 2 -deficient phagocytes cannot generate superoxide suggests that AA is necessary for NADPH oxidase activation (23) . The exact phospholipid source providing AA for NADPH oxidase activation has remained elusive. It has been proposed (5) that arachidonyl phospholipids present in LBs might provide a source of AA for eicosanoid synthesis that does not require the disturbance of membrane integrity and that can be replenished from the abundant arachidonyl triglycerides in LBs.
We report here, using high-resolution nonresonant Raman microscopy on single neutrophilic granulocytes, that AAinduced LBs rich in esterified arachidonate as identified by their Raman spectra are frequently associated with phagocytosed latex beads. Selective Raman detection of AA in neutrophils was achieved by exposing cells to octadeuterated AA (AA-d 8 ). Confocal fluorescence microscopy experiments on WT and gp91 phox -deficient [X-linked chronic granulomatous disorder (X-CGD)] PLB-985 cells, which are myeloid leukemic cells that can be differentiated into neutrophil-like cells, confirmed our Raman microscopy results and showed that the distribution of LBs around phagosomes depends on gp91 phox , suggesting that this NADPH oxidase subunit may mediate LB-phagosome interactions. Time-lapse fluorescence microscopy experiments on live neutrophils revealed that the association between phagosomes and LBs is of a transient nature. The accumulation of LBs near ingested latex beads was also demonstrated in macrophages by fluorescence microscopy experiments. The experiments reported here lead us to hypothesize that controlled release of AA from LBs in the vicinity of phagosomes may be an important mechanism in regulating NADPH oxidase activity and͞or phagosome maturation. To our knowledge, the only reported case of lipid body association with phagosomes has been a transmission electron microscopy study in which macrophages were incubated with radiolabeled AA and allowed to phagocytose zymosan particles (24) . However, the observed association of LBs with and their possible discharge into phagosomes was not the focus of that study, and the possible function of LBs in phagocytosis was not discussed.
Methods
Details about materials, cell cultures, granulocyte isolation, and confocal fluorescence microscopy are provided in Supporting Materials and Methods, which is published as supporting information on the PNAS web site.
Induction of LBs and Phagocytosis. Cells suspended in gelatin buffer (PBS͞0.1% gelatin͞5 mM glucose) were adhered to poly(Llysine)-coated glass (for fluorescence microscopy) or CaF 2 (for Raman imaging) slides for 15 min at 37°C, followed by incubation for 1 h at 37°C with 10 M AA or AA-d 8 in gelatin buffer. After washing with gelatin buffer and phagocytosis buffer (PBS͞1 mM CaCl 2 ͞0.5 mM MgSO 4 ͞5 mM glucose͞1% BSA), the samples were incubated in phagocytosis buffer with latex beads (typically 10 7 beads per 10 6 cells), which had been serum-opsonized as described in ref. 25 for 30 min at 37°C. For Raman experiments, cells were subsequently washed with PBS and fixed for 30 min in 2% paraformaldehyde in PBS at room temperature. For fluorescence experiments on PLB-985 cells, cells were incubated for 10 min at room temperature with Nile red (0.1 g͞ml) after phagocytosis, washed with PBS, and fixed for 30 min in 2% paraformaldehyde in PBS at room temperature. For time-lapse fluorescence experiments on live neutrophils, cells were incubated with Nile red (0.1 g͞ml), washed with PBS, and subsequently incubated with latex beads as described above.
Confocal Raman Microspectroscopy and Imaging. Nonresonant Raman spectroscopy and imaging experiments were performed on a laser-scanning confocal Raman microspectrometer that is described in ref. 26 . Imaging experiments were performed by raster-scanning the laser beam over a cell or an intracellular region of interest and accumulating a full Raman spectrum at each pixel (1 s͞pixel at 100 mW 647.1-nm excitation power). Noise in the resulting 3D (spatial ϫ spatial ϫ spectral dimension) data matrix was reduced by singular value decomposition (25, 26) . Raman images were constructed by plotting the integrated intensity of the vibrational band of interest as a function of position. Hierarchical cluster analysis (HCA) was performed on Raman imaging data matrices to visualize regions in cells with high Raman spectral similarities. In the cluster analysis routine, principal component analysis scores were taken as input variables, squared Euclidean distances were used as distance measure, and Ward's algorithm was used to partition Raman spectra into clusters. All data manipulations were performed in routines written in MATLAB 6.5 (MathWorks, Natick, MA).
Results and Discussion
Raman Imaging on Neutrophils. We used confocal Raman microspectroscopy because cellular imaging techniques based on vibrational spectroscopy [e.g., IR (27) , Raman (26, 28) , and coherent anti-Stokes Raman spectroscopy (29)] do not require labeling of the biomolecules of interest and, more importantly, provide detailed information about the molecular composition of the subcellular volume being probed. These features render vibrational microscopic methods unique tools in biology and medicine, because measurements are conveniently performed on unlabeled intact cells and tissues (30) .
Unstimulated neutrophils isolated from peripheral blood contain few LBs (4), which we verified by performing confocal nonresonant Raman microscopy on freshly isolated neutrophils adhered to a poly(L-lysine)-coated CaF 2 substrate. Fig. 1A shows a typical Raman cluster image obtained by Raman microscopy on a single neutrophil, followed by HCA of the 3D data matrix that is obtained during Raman imaging (see Methods). The multilobed nucleus, characteristic for neutrophils, is shown in blue. The average Raman spectrum of this cluster (Fig. 1C , spectrum 1) shows diagnostic Raman bands at, for example, 788, 1,095, and 1,577 cm Ϫ1 due to several nucleotide and DNA͞RNA backbone vibrational modes (31) . The Raman spectrum from the green cluster (Fig. 1C, spectrum 2) is typical for the cytoplasm (32) and differs from the red cluster (spectrum not shown) mainly in its higher overall intensity. Because LBs in cells are easily recognized by Raman spectroscopy because their high aliphatic chain density gives rise to very strong Raman signals (33) , the absence of a cluster containing strong lipid signals in the image shown in Fig. 1 A confirms previous findings that unstimulated neutrophils contain few or no LBs (4).
To elicit the formation of LBs in neutrophils, we exposed cells to 10 M AA for 1 h at 37°C. This concentration is high enough for efficient LB induction (6) but too low for the generation of large amounts of superoxide by NADPH oxidase (21) . Nonresonant Raman microscopy on neutrophils after LB induction revealed the presence of intracellular punctate regions with high lipid content, as demonstrated by the yellow͞red regions in Fig. 2A and the blue cluster in Fig. 2B . The Raman image in Fig. 2 A was constructed in the 1,658-cm Ϫ1 band, which has a large contribution from cisunsaturated CAC stretching vibrations. The presence of unsaturated moieties is evident from spectrum 3 in Fig. 2C , which is the average Raman spectrum from the blue cluster in Fig. 2B . Besides the intense band at 1,658 cm Ϫ1 , the strong signals at 1,267 cm Ϫ1 (HCA in-plane deformation) and 1,441 cm Ϫ1 (CH 2 deformations) also point to high levels of unsaturated lipids in the blue cluster. We assign the punctate regions in Fig. 2 A and B to LBs, although the large scanning range of these images (14.1 ϫ 14.1 m 2 ), in combination with a step size of 440 nm, precludes definite assignment because image pixels that are roughly the same size as LBs are obtained in this way. Other Raman images shown here have much smaller image pixel sizes (vide infra).
Using resonance Raman microscopy, we recently showed that upon phagocytosis of latex beads, gp91 phox (the catalytic subunit of NADPH oxidase) translocates from specific granules to the phagosome in neutrophils (25, 34) . We now report that nonresonant Raman experiments show the redistribution of LBs upon phagocytosis of latex beads. In neutrophils with internalized beads, several LBs were frequently found in close proximity to the latex particles, as shown by the representative example in Fig. 3. Fig. 3A displays the Raman image in the strong 1,000-cm Ϫ1 band of polystyrene, whereas LBs are visualized by the Raman image in the 1,658-cm Ϫ1 band of unsaturated lipids (Fig.  3C) . Both of these images are constructed from the same data set, exemplifying the abundant chemical information present in Raman spectra. Fig. 3D shows that clusters with distinct average spectra result from HCA on this data set. In addition to two clusters (blue and green) corresponding to the phagocytosed latex bead (spectrum 1 in Fig. 3E ) and one cluster from the LBs (yellow, spectrum 3 in Fig. 3E ), other clusters displayed in magenta and black correspond to the cytoplasm (spectrum 2 in Fig. 3E ) and the nucleus (spectrum not shown), respectively.
The Raman spectra shown in Figs. 2C and 3E suggest that LBs are rich in unsaturated lipids, which is most likely due to the exposure of the cells to AA, because it has been reported that the majority of radiolabeled AA added to neutrophils is incorporated into LBs (6). However, from Figs. 2C and 3E, the origin of the lipids present in LBs cannot be established. To clarify this issue, we used AA-d 8 to induce LB formation in neutrophils. In AA-d 8 , the eight vinylic protons have been substituted for deuterium atoms. Due to the higher mass of deuterium, the vinylic ACOH stretch vibration normally present at 3,013 cm Ϫ1 in AA shifts to a spectrally silent region (1,800-2,800 cm Ϫ1 ) when AA-d 8 is used. As shown in Fig.  4G , vinylic ACOD stretching vibrations in AA-d 8 are found at 2,220 and 2,249 cm Ϫ1 , in between the fingerprint (Ͻ1,800 cm Ϫ1 ) and high-frequency (Ͼ2,800 cm Ϫ1 ) regions of the nonresonant Raman spectrum of neutrophils. The lack of any cellular Raman signal between 1,800 and 2,800 cm Ϫ1 allows the presence of AA-d 8 anywhere in the cell to be visualized, with ultimate selectivity, § by Raman imaging in the 2,200-to 2,280-cm Ϫ1 region. This selectivity is exemplified by Fig. 4 A, C , and E. A high-resolution Raman image of intracellular LBs, induced in neutrophils by 1 h of exposure to AA-d 8 , is shown in Fig. 4A . The Raman images in Fig. 4 B and C demonstrate that several LBs rich in AA-d 8 (Fig. 4C ) associate with an ingested latex bead (Fig. 4B) , confirming the results shown in Fig. 4G displays the average Raman spectra corresponding to the blue (spectrum 1), orange (spectrum 2), and green (spectrum 3) clusters displayed in 4F. Spectrum 3 in Fig. 4G shows that the CAC stretch vibration has shifted from 1,658 cm Ϫ1 to 1,633 cm Ϫ1 upon substituting the vinylic protons in AA for deuteriums in AA-d 8 . Of further interest in spectrum 3 is the band at 1,740 cm Ϫ1 , which is due to the carboxyl ester CAO stretch vibration. The relatively high intensity of this band in spectrum 3 suggests that AA-d 8 is at least partially esterified in LBs. This finding is in accordance with previous studies that relied on isolation of AA-induced LBs and͞or lipid extraction from neutrophils followed by chromatography to demonstrate that AA is mainly present as triglycerides and phospholipids in LBs (9) . In contrast to these investigations, the confocal Raman imaging technique presented here allows the composition of LBs to be determined directly inside intact cells without labeling.
Distribution of LBs Around Phagosomes in WT and gp91 phox -Deficient
PLB-985 Cells. The superoxide-generating ability of NADPH oxidase is tightly regulated in space and time, and various molecular pathways for regulating NADPH oxidase activity have been unraveled (12, 13) . It is well known that AA is essential for generating superoxide (23) , and although the exact nature of the interactions between AA and different components of the NADPH oxidase enzyme is unknown, it has been shown that gp91 phox (35) , p47 phox (36) , and the Rac2-RhoGDI complex (37) are all influenced by AA. The recent observation that translocation of cPLA 2 to the phagosome of phagocytes stimulated with zymosan particles depends on the presence of gp91 phox in the phagosomal membrane (10), together with the demonstrated colocalization of cPLA 2 with LBs in another study (9) , led us to hypothesize that association between LBs and phagocytosed latex beads, as observed in the present study, might be influenced by the interaction of cPLA 2 on LBs with gp91 phox embedded in the phagosomal membrane. We tested part of this hypothesis by using WT and gp91 phox -deficient (X-CGD) PLB-985 cells. These human myeloid leukemic cells can be cultured in vitro and induced to differentiate into cells displaying neutrophil-like behavior, such as phagocytosis and superoxide production upon stimulation (38) . After induction of LBs in PLB-985 cells by exposure to AA (10 M for 1 h), subsequent phagocytosis of fluorescent latex beads, and staining of the LBs with Nile red (39), we examined the association between phagocytosed latex beads and LBs by confocal fluorescence microscopy. Although the fluorescence of both the LBs and the latex beads was observed in one emission channel, Fig. 5A (WT cell) and Fig. 5B (X-CGD cell) show that LBs are easily distinguished from beads by size and appearance (the beads have a fluorescent rim, whereas the fluorescence in the smaller LBs is homogeneously distributed). We analyzed 100 images (of both WT and X-CGD PLB-985 cells) from confocal fluorescence z-stacks of randomly selected cells with clearly internalized latex beads. The distances between the center of latex beads and the center of LBs were measured.
¶ Fig. 5C shows that the distribution of these distances is different for WT and X-CGD PLB-985 cells. Taking into account that the average radius of the latex beads is 1.0 m, we find that in WT cells, 48% of the LBs is found within 1 m of the phagosomal membrane, ʈ whereas in X-CGD cells, this value is 26%. The average distance between § The very low acidity of vinylic deuteriums (pKa Ϸ 40 for vinylic protons) prevents deuterium exchange inside the cell. ¶ To study the dynamics of LB association with latex bead-containing phagosomes in living cells, we performed time-lapse confocal fluorescence microscopy on adherent neutrophils incubated with AA, fluorescent latex beads, and Nile red. These experiments revealed frequent transient contacts between LBs and phagosomes. Two of these contacts (with different association times) are shown in Fig. 6 (LBs ''1'' and ''2''), and Movie 1, which is published as supporting information on the PNAS web site, illustrates this LB behavior. The time-lapse experiments also showed that phagocytosed latex beads and LBs are occasionally found moving together through the cytoplasm for a certain period before the LBs dissociate from the beads (Movie 1). This behavior is inconsistent with the possibility that LB-phagosome associations are caused by random independent movements of LBs and phagocytic vacuoles. Interestingly, a ''kiss-and-run'' hypothesis has been put forward by Desjardins (40) to account for phagosome maturation proceeding by means of multiple transient fusion-fission interactions of phagosomes with endocytic organelles. The spatiotemporal characteristics of these dynamic contacts, and the extensive membrane remodeling that is required for phagosomal maturation, may be regulated by key proteins and͞or lipids such as members of the Rab GTPase family, soluble N-ethylmaleimide-sensitive factor attachment protein receptors, and phosphoinositides that have been found inserted into or associated with the phagosomal membrane at different stages of maturation (41) . Remarkably, recent independent proteomic analyses have shown that several Rab GTPases (Rab2, Rab5, Rab7, Rab10, Rab11, and Rab14) are present on both purified latex bead-containing phagosomes from J774 macrophage-like cells (42) and on LBs in CHO K2 cells (3) . The kiss-and-run behavior of LBs reported here may constitute a mechanism for Rab GTPase transport to and from the phagosome, a process that may be necessary for phagosome maturation.
Fluorescence Microscopy on Macrophages. Similar to neutrophils, LBs can also be induced in other professional phagocytes such as macrophages (24) . We performed confocal fluorescence microscopy experiments on murine RAW 264.7 macrophages (see Supporting Materials and Methods) to establish whether the association of LBs with phagosomes also occurs in these leukocytes. Indeed, we found that LBs are accumulated near ingested particles in both fixed and live macrophages (Fig. 7 , which is published as supporting information on the PNAS web site).
A Rationale for the Association of LBs with Phagosomes. Recent work has indicated that LBs in a variety of cell types are not merely lipid reservoirs (2, 3) . In phagocytes engaged in inflammation, LBs have been mainly implicated in the synthesis of eicosanoids (4, 5) . The AA-releasing enzyme cPLA 2 , its activating mitogenactivated protein kinases, and the eicosanoid-generating enzymes 5-lipoxygenase and cyclooxygenase all have been found on the surface of LBs in several leukocyte types. Also, phosphatidylinositol 3-kinase (PI3K) was recently found to colocalize with LBs (43) . PI3K is a key lipophilic enzyme involved in intracellular signaling of diverse cellular responses, including phagocytosis (44), NADPH oxidase activation (45) , and AA release from bacteria-stimulated macrophages (46) . The present study reveals that arachidonate-rich LBs associate with latex bead-containing phagosomes in neutrophilic granulocytes, PLB-985 cells differentiated into neutrophil-like cells, and macrophages. This finding suggests that these organelles may be involved in aspects of the innate immune response of phagocytes other than eicosanoid synthesis [for example, phagosome maturation and reactive oxygen species (ROS) formation]. Our microscopy experiments with WT and X-CGD PLB-985 cells, which demonstrate that the accumulation of LBs near phagosomes depends on gp91 phox , point to a role for LBs in ROS production through the regulation of superoxide-generating NADPH oxidase. Taking into account the known dependency of several NADPH oxidase subunits (including gp91 phox ) on AA, we suggest that LBs may be used by phagocytes to locally release AA for NADPH oxidase activation near the phagosome. This hypothesis is strengthened by reports showing the presence of AA-releasing cPLA 2 on LBs (9) and the translocation of cPLA 2 to the phagosome in PLB-985 cells and macrophages incubated with zymosan particles (10, 11) . We expect that future studies with cPLA 2 -deficient PLB-985 cells, which have become available (23) , may provide insight related to this hypothesis.
In conclusion, we have demonstrated here that LBs, cytoplasmic organelles rich in triglycerides and phospholipids, associate with phagosomes in professional phagocytes. We used single-cell confocal Raman microscopy to analyze the chemical composition of these lipid inclusions and found that incubation of phagocytes with AA and latex beads leads to the accumulation of LBs, rich in esterified arachidonate, near the phagocytosed microspheres. These results exemplify the power of vibrational spectroscopy in label-free cellular imaging. We corroborated our Raman microscopy results by fluorescence microscopy experiments, which further revealed that the association of LBs with the phagosome is transient and dependent on gp91 phox , the catalytic subunit of the enzyme NADPH oxidase. Together, our findings suggest that LBs play a role in the innate immune response. Their release of AA near the phagosome may be used to locally activate NADPH oxidase and͞or to facilitate phagosome maturation, both of which are essential for the degradation of microbes upon infection.
